Streptococcus pyogenes is an aggressive human pathogen responsible for a variety of serious illnesses, ranging from local infections such as pharyngitis to severe invasive infections such as scarlet fever, necrotizing fasciitis, and streptococcal toxic shock syndrome (25) . The incidence of severe invasive group A streptococcal infections, in particular, those due to serotype M1 streptococci, has increased over the past decade (7, 9) .
S. pyogenes possesses numerous cell surface-associated and secreted factors that are believed to contribute to its virulence. The hyaluronic acid capsule is responsible for resistance to complement-mediated phagocytic killing (27) . M protein and C5a peptidase, which are transcriptionally controlled by mga (which encodes multiple gene activator), are both important virulence factors of S. pyogenes with roles in antiphagocytic activity and complement inactivation, respectively (1, 11) . Among the extracellular secreted proteins, streptococcal pyrogenic exotoxin A (SPEA), streptococcal pyrogenic exotoxin B (SPEB), and mitogenic factor (MF) have been well studied. The gene encoding the superantigenic toxin SPEA is present in 85% of strains which cause streptococcal toxic shock syndrome (8) . MF, though not a proven virulence factor, is a DNase with superantigenic properties (10, 18) . SPEB is a cysteine protease known to activate and process a variety of important host proteins (18) .
Environmental conditions, cell density, and growth phase are all believed to influence the expression of virulence factors by a pathogen (14) . In Staphylococcus aureus the global regulator, agr, controls many important genes in a growth-dependent manner (19) . Expression of toxins in Yersinia enterocolitica and Clostridium difficile is reported to be growth-phase specific (6, 17) . As S. pyogenes is a pathogen able to survive in a variety of host locations, it is likely to have an environmentally sensitive circuit to regulate expression of virulence factors.
Growth-phase-dependent regulation of the mga locus of a serotype M6 S. pyogenes strain has been reported previously (15) . In this study, we examined the expression of virulenceassociated factors of an M1T1 clinical isolate of S. pyogenes at the transcriptional level, focusing on expression of a range of cell wall-associated and secreted factors that are thought to be important in virulence.
A scarlet fever-associated M1T1 S. pyogenes isolate (H305), confirmed to be speA ϩ speB ϩ mf ϩ and ssa mutant and speC by PCR, was used in this study. Strains were cultured in ToddHewitt broth supplemented with 0.2% yeast extract (THY) (Oxoid, Basingstoke, United Kingdom) at 37°C. Overnight culture of H305 (1 ml) was used to inoculate 10 ml of fresh THY, and growth was monitored by measuring optical density at 600 nm (OD 600 ) by using a Pharmacia Ultrospec III spectrophotometer. RNA was extracted as described by Podbielski et al. (20) and quantitated by measuring OD 260 . The phases of growth at which total RNAs were extracted are shown in Fig.  1 . RNA (20 g) was run on a denaturing 1.5% agarose gel and transferred to a Hybond N membrane (Amersham Pharmacia Biotech, Little Chalfont, United Kingdom) and cross-linked in a UV Stratalinker 1800 (Stratagene, Cambridge, United Kingdom). Uniformity of loading was confirmed by ethidium bromide gel staining and measurement of OD 260 . Blots were hybridized to digoxigenin (DIG)-UTP (Boehringer Mannheim, Lewes, United Kingdom)-labelled DNA probes at 50°C overnight and visualized by using CSPD, a chemiluminescent substrate (Boehringer Mannheim). Results of all hybridizations were replicated in at least two further experiments. Densito-metric studies were done to compare intensities of bands on Northern blots by using the Scion Image program. Probes were generated from PCR products obtained by amplifying H305 genomic DNA (21) . The primer pairs used in this study are shown in Table 1 .
Expression of cell wall-associated virulence genes. Expression of the emm, scpA, and hasA genes, which encode M protein, C5a peptidase, and hyaluronic acid capsule, respectively, was studied at different phases of growth of S. pyogenes. In experiments spanning three time points, transcripts of all three genes were detectable by Northern hybridization for cells in exponential growth phase but not for those in stationary phase ( Fig. 2A, B, and C) . As an internal control for the amount of RNA used, replica RNA blots were probed with recA, which is thought to be a housekeeping gene. However, we found that recA transcript levels decreased as the organism entered later phases of growth (Fig. 2D) . In separate experiments spanning four time points, blots were stripped and reprobed with a 16S rRNA probe and densitometry was performed by comparing mRNA and rRNA band intensities at different stages of growth (Fig. 3A, through D) .
Growth-phase-regulated expression of genes is thought to be a mechanism adopted by bacteria to save energy, especially under conditions of low nutrient supply. McIver and Scott studied an M6 strain using RNA slot blot techniques and showed that S. pyogenes expression of mga and the mga-regu- 3 . Densitometric analysis of expression of genes at early and late growth phases. Ratios of band intensities of mRNA to band intensities of the corresponding 16S rRNA from cells collected at different stages of growth are shown. EL, early log phase; ML, mid-log phase; LL, late log phase; and ST, stationary phase. Data for emm1 (A), hasA (B), scpA (C), recA (D), speA (E), speB (F), and mf (G) are shown. Densitometry was not performed for the lanes with no bands, and this is indicated by solid squares in the graphs.
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on October 29, 2017 by guest http://iai.asm.org/ lated genes emm and scpA was maximal in the exponential phase (15) . hasA expression has also been reported to be maximal in the early exponential phase of growth (5) . Production of cell surface proteins in the early exponential phase of growth is seen in other bacteria, such as S. aureus (19) . Previously recA was shown to be constitutively expressed in an M6 strain of S. pyogenes by slot blot analysis (15) . However, we found that dot blot hybridizations with some of the DIG-labelled probes was very nonspecific. Growth-phase-dependent expression of recA appears to be a general feature of S. pyogenes, as we found a similar pattern of expression of recA in three other clinical streptococcal strains (an M1 isolate associated with bacteremia, an M3 isolate associated with toxic shock, and an M89 isolate producing necrotizing fasciitis; data not shown). As recA is involved in regulation of homologous recombination and chromosomal partitioning, it is perhaps not surprising that recA expression is maximal during the exponential growth phase (29) . RecA is believed to have a role in the virulence of Salmonella typhimurium and S. aureus (2, 16) . Furthermore, it is known to be important in coordination of virulence factor expression in Shigella flexneri and Neisseria gonorrhoeae (12, 28) .
Expression of genes coding for secreted proteins. Production of SPEA, SPEB, and MF was studied by monitoring the corresponding transcript levels through different phases of growth. spea and mf transcripts were maximum in the late exponential and stationary phases of growth. speb transcripts were detected only in the stationary phase (Fig. 4A, B, and C) . Densitometry was performed by comparing the band intensities of mRNAs from cells collected at different growth phases to the intensities of the corresponding 16S rRNAs, in separate experiments (Fig. 3E, F, and G) . Probes for the cell wall genes hybridized strongly to the mid-exponential phase RNA, showing that mRNA at this phase was suitable for hybridization.
Stationary-phase-specific expression of proteins has also been observed in many other bacteria. For example, in C. difficile, toxin genes are turned on only when the bacterium enters the stationary phase (6). Delayed expression of toxin genes may allow survival of the pathogen under conditions of stress or nutrient starvation. Production of SPEA by this strain was found to occur in the late log phase of growth in broth (23) . It has been reported that SPEB production is maximal under conditions of nutrient starvation (3) . Secreted levels of SPEA and SPEB mirror the patterns of transcription seen for speA and speB. Though this indicates transcriptional regulation of these genes, the possibility of translational regulation cannot be excluded. SPEA is a phage-encoded toxin, and the mechanisms involved in regulation of SPEA expression are still unclear (26) . It is of interest that the kinetics of SPEA transcription are similar to those of a chromosomally encoded protein like MF, although in this strain SPEA transcription can be easily detected in early phases of growth; the reasons for this are unclear. Instability in expression of speb. Expression of speB was also studied in H326, a kanamycin-resistant isogenic mutant of H305 with a disruption in the spea gene (24) . In contrast to H305, the speB transcript was undetectable in H326 when the cells were cultured in antibiotic-free medium and examined by Northern hybridization. To ensure that speB expression was not being missed, RNA was prepared from cells collected at each of two time points in the late log phase and two points in the stationary phase (Fig. 5) . The expression of speB was also undetectable by Northern hybridization in a strain of H305 transformed with the plasmid pDL413, a derivative of pVA380-1 which confers kanamycin resistance (13) . However, we could detect low-level expression of SPEB by reverse transcription-PCR and Western blotting (data not shown). The effect on speB transcription was not specific to the SPEAnegative mutant, as speB transcripts were markedly reduced in plasmid-transformed H305 strains without chromosomal mutation. Electroporation per se was not found to affect speB expression (data not shown). Observations of the regulation of genes such as speB in S. pyogenes must therefore be interpreted with caution as, at least in our strain, reduced speB expression was a nonspecific effect associated with transformation and kanamycin selection.
Growth-phase-dependent regulation of genes could indicate the presence of a global regulatory circuit in this pathogen, similar to the agr regulatory system of Staphylococcus spp. Stationary-phase sigma factors, as found in other gram-positive bacteria, could also play a role in the control of gene expression in S. pyogenes.
